Introduction
The functional diagnosis of the different forms of respiratory distress in the newborn infant, and assessment of the need for different methods of respiratory assistance, are mainly based on physical examination, X-rays and arterial blood gas analysis. Mechanical ventilatory assistance is now widely accepted as an effective therapy for respiratory failure in the neonate. Its correct application requires a knowledge of the mechanical abnormalities of the infant's lung. Insufficient ventilatory support can overtax the inadequate ventilatory system of the sick neonate. On the other hand, excessive ventilatory support increases the risk of respiratory complications, such as pulmonary interstitial emphysema, pneumothorax, and bronchopulmonary dysplasia. At present, ventilatory settings are made by trial and error. Different settings are tried until the desired clinical and arterial blood gas measurements are obtained. This method, though widely used, has important limitations. Firstly, the clinical results are only indirectly related to the physiological variable of the system i.e. pulmonary ventilation. Secondly, blood gas analysis being intermittent does not easily allow one to appreciate trends nor abrupt changes in the respiratory state of the neonate. To achieve better knowledge of the mechanical variables involved in the different forms of respiratory distress of the newborn infant, we have developed a pneumotachographic method to determine pulmonary dynamics in newborns. This
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helps to make a functional diagnosis and to select treatment in those cases needing mechanical ventilation. Before the results obtained with this method can be applied, the normal neonatal range has to be established. Information concerning normal pulmonary dynamics of the newborn has been available since the early '50s, but most of these are from studies performed using plethysmographic methods, which are not comparable to the method we have used. Thought two reports used a pneumotachographic method [11, 12] , the results still should not be compared, due to minor technical differences. The comparison of results obtained with a given method, against the "normal values" obtained with a different method, may be cause of error, and result in false conclusions.
We have determined the pulmonary dynamic data of a group of term and preterm normal infants in order to establish the range of normal values with our method, and to compare them with the results obtained by other authors. These values will be of great assistance in the interpretation of results encountered in infants with respiratory distress, when using this instrumentation.
Material and methods
Normal term and preterm newborns, born at the Clinica Ginecotocologia "B" of the Faculty of Medicine in Uruguay, in the period between March 1984 and December 1985 were studied. Informed consent was obtained from the mother prior to performing any measurement in the newborn. They were admitted to the neonatal intensive care unit where all studies were carried out and were examined by a neonatologist (one of the authors). Newborns with any pathology were not included in the study. The measurements were made with the infants prone or supine nursed in the same conditions as they had been just before. All infants breathed air during the determinations. More than 1 hour had elapsed since the last feed. A water-filled, sterile, end hole polyethylene catheter, was placed in the lower third of the esophagus. This was connected to a Sanborn Model 269A pressure transducer, to record esophageal pressure (Pes) (figure 1). Patency was maintained with an intraflow (R) system using a continuous flow of sterile distilled water. Once the baby tolerated the esophageal catheter, a pair of nasal prongs normally used for continuous positive pressure, or an inflatable face mask were gently applied. The baby would initially react adversely, but in a few minutes, would grow accustomed and finally breathe regularly. The prongs or mask were connected to an electrically heated grid pneumotachograph, constructed in our laboratory, and attached to a differential pressure transducer (Sanborn Model N°270) with which airflow (F) was measured in a range of 0 to 198 ml/s.
The flow signal was electronically integrated with time, using an integrator constructed in our laboratory. A volume signal (V) was produced (figure 1). At the nasal prongs, or at the face mask, distal to the pneumothacograph, an opening in the lumen of the system allowed the passage of a catheter attached to a model 268B Sanborn pressure transducer used to assess the airway pressure (Paw) (figure 1). These four signals: F, V, Paw, Pes, were simultaneously recorded on a Sanborn 7700 Series multichannel recorder (figure 1). Once all components were connected, and adequate signals were obtained on the recorder, we waited until the newborn entered a period of regular respiration, usually in quiet sleep. When a regular pattern of respiration was present, the recorder was started using a chart paper speed of 50 mm/ s. Ten successive respiratory cycles were recorded in which the following variables were determined (figure 2). (1) T is the cycle duration which is taken to be the time interval separating the start of successive breathing cycles. The start of a breath is defined as the positive deflection from zero on the air flow record. T is the mean of 10 determinations of T. T is given in seconds. V is the amplitude of the volume record. 2V is the peak to peak excursion measured between the end-inspiration and end-expiration points.
Breathing frequency
VT, is the tidal volume, and is the mean of 10 determinations of 2V. VT is expressed in ml.
Pinex is the excursion of the esophageal pressure record taken between end inspiration and end expiration points. Pinex is the mean of 10 determinations of Pinex. Pinex is expressed in cm thO. Cdyn, the dynamic compliance, is calculated by:
Minute ventilation (V)
Having determined f, the respiratory frequency, and VT, then the minute ventilation V is given by:
Total pulmonary resistance (R)
Total pulmonary resistance, R, can be thought of as the ratio between a driving force and the result-ing air flow, assuming no mechanical energy is stored during part of the cycle. The driving force is the difference between the pressure in the airway and the pressure in the esophagus. Since all the signals considered are periodic we represent them for simplicity as purely sinusoidal to estimate R. R is given by the ratio of the pressure difference amplitude and the airflow amplitude. We chose the airflow signal as the reference, since it approximates to a sinusoidal signal better than the pressure signals (figure 2). The points of maximum and minimum flow are determined easily by the mid points of the volume signal. These points are taken to represent zero, though the value is positive because of the integration constant.
F is the amplitude of the airflow signal between successive mid volume points (figure 2). F is the mean of 10 determinations of F.
Pes is the amplitude of the esophageal pressure signal. 2 Pes is the peak to peak excursion measured between successive mid volume points (figure 2). Pes is the mean of 10 determinations of Pes. Paw is the amplitude of the airway pressure signal. 2 Paw is the peak to peak excursion measured between successive mid volume points (figure 2). Paw is the mean of 10 determinations of Paw. R is calculated by:
R represents the amplitude pressure difference needed to obtain a flow of 1 litre per second.
Respiratory work
The mechanical energy necessary to perform one breathing cycle is called "total respiratory work". It is given by the mathematical integration, over the duration of one cycle, of the product of the difference of pressure (airway and esophagus) and the resulting airflow signal.
It is customary to ignore the airway pressure which is an order of magnitude smaller than the esophageal pressure. Therefore the work is given by the integral of flow and esophageal pressure: Assuming that expiration is passive, total pulmonary work (Wt) is represented by the sum of elastic work (triangle ABC), plus the inspiratory flow resistive work (I) [6] . These respective areas were calculated with a disc roller planimeter. The obtained value, when multiplied by frequency and divided by 60, gave the energy consumed per second, which was expressed in mW. This value is represented, so as to facilitate comparison as mW divided by minute ventilation (mW/V).
Tidal volume, minute ventilation, dynamic compliance and total pulmonary resistance were linearly correlated with body weight using a multiple regression method. A critical value of alpha less than 0.05 was considered as significant.
The values of tidal volume (VT), minute ventilation (V), and dynamic compliance (Cdyn) were corrected for body weight. The mean (X) and standard deviation (SD) were calculated for each variables as well as the 10th and 90th percentiles, using a table of Z values.
Before each study, all signals were calibrated, F with an electric signal, V with a 50 ml glass syringe, and pressure with a water manometer.
Results
A total of 51 records were obtained in 48 newborns. In three infants two records each were obtained, after an interval of one week. The post- Elastic work (We): In these 40 records elastic work was 4.91 + 2.12 mW/1/Kg/min. with the 10th centile 2.19 and the 90th centile 7.63 (table III) .
Flow resistive work (Wv): In these 40 records flow resistive work was 6.11 ± 2.82 mW/1/Kg/min with the 10th centile 2.49 and the 90th centile 9.73 (table III) .
Discussion
The determination of a normal range of values of pulmonary dynamics in newborns is a necessary first step toward the correct interpretation of those results obtained using new techniques in infants with respiratory distress.
Although various reports of pulmonary dynamics in normal newborns have been published to date (table IV), only 2 of them have used a pneumotachographic method [11, 12] . In both reports, although the volumes are determined in a similar way, the assessment of esophageal pressure is performed using a catheter with a latex balloon, which could have produced different results from our study which employed a water-filled catheter.
The values for Cdyn/Kg found in the present study (1.57 ± 0.57 ml/cmH 2 O/Kg) (X ± SD) are similar to those found by SWYER et al. [11] 5.2) . The values for VT/Kg are very similar to these three reports in which pneumotachographic is used. We have found a greater value for V/Kg, than those reported by the previously mentioned authors. It also is greater when compared with other authors who used plethismography [3, 5, 7] . Some of the possible explanations for this finding are: 1) Excessive dead space in those cases in which a face mask was used.
2) The effect of the nocioceptive stimulus produced by an inadequate application of the face mask or nasal prongs to the infant's face. 3) Inappropriate choice of the time the recording was made.
A time period which comprises only 10 cycles is very short and may easily be unrepresentative of what happens under basal conditions. Minute volumes in this study cannot be considered as basal. Minimal minute volumes may not be reached until the infant has been asleep for periods greater than 1 Hour [11] . This is supported by the fact that in our study the 31 infants in whom a face mask was used had a V/Kg of 534,2 ± 210,6 ml/Kg/min. (X ± SD), which was significatively higher than that found in the 20 infants in whom nasal prongs were used (265.5 + 90.0 ml/min/Kg) (t = 5.56, p < 0.005). This could also explain the unexpected lack of correlation found between V and VT with body weight.
Once these results were obtained, we discarded the face mask and used only nasal prongs. We also started to take greater precautions with their application to the infant's nose, at the time we made our recordings. Our V/Kg and VT/Kg values should thus be interpreted with caution.
Our results are encouraging because our values of Cdyn/Kg, R and VT/Kg are in accord with those found by other authors who used both similar [11, 12] and different methods [3, 5, 7] . This allows us to continue with the second stage of our program of respiratory studies in newborns, that is to apply this method in the study of infants with respiratory distress and use for the adjustment of ventilatory settings in neonates who require assisted ventilation.
Whole body plethysmography has been one of the most frequently used methods in newborn studies, but its widespread utilization has been hindered by difficulties in applying it in the study of distressed infants whe are dependent on complex systems of life support. This is not the case with pneumotachography, in which the pneumotachograph is placed between the ventilator and the endotracheal tube adaptor and this with the placing of an esophageal catheter, are the two only maneuvers performed on the infant. This minimal manipulation, together with the development of biological signal processing with microprocessors and "on line" computing systems [4] , place the pneumotachographic method as best suited for pulmonary dynamic data assessment in infants in the neonatal intensive care unit who have severe distress.
Summary
A pneumotachographic method for assessment of pulmonary dynamics in critically ill newborns in an intensive care setting was developed in our laboratory. Before the results obtained with this method could be applied, the normal range of values were determined in 48 normal term and preterm newborns. Their body weight ranged between 1200 and 4100 g, and postnatal ages between 24 hours and 21 days. In three infants, two determinations were performed after an interval of 7 days. The studies were performed with a pneumotachograph applied to the upper airway by means of an inflatable face mask or latex nasal prongs. The air flow signal was electronically integrated to time to produce a volume signal. Airway pressure was determined proximal to the pneumotachograph. Esophageal pressure was determined with a water filled catheter placed in the lower third of the esophague. Tidal volume (VT), minute ventilation (V), Dynamic compliance (Cdyn), total pulmonary resistance (R), total pulmonary work (Wt), Elastic work (We), and flow resistive work (Wv), were determined. A significant linear correlation was found between Cdyn and body weight (r = 0.50, p < 0.01) whereas no significative correlation was found between body weight and Keywords: Lung, newborn, pulmonary dynamics.
VT, V or R. Values for VT, V and Cdyn were corrected for body weight and means (X), standard deviation (SD) s_p as 10th and 90th percentiles are shown in 
Mots-cles:
Dynamique pulmonaire, nouveau-ne, poumon.
